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Cotranslational protein translocationslocation of proteins into the endoplasmic reticulum (ER) translating ribosomes
bind to Sec61-complexes. Presently two models exist how these membrane protein complexes might form
protein-conducting channels. While electron microscopic data suggest that a ring-like structure consisting of
four Sec61-complexes build the channel, the recently solved crystal structure of a homologous bacterial
protein complex led to the speculation that the actual tunnel is formed by just one individual Sec61-complex.
Using protease protection assays together with quantitative immunoblotting we directly examined the
structure of mammalian protein-conducting channels. We found that in native ER-membranes one single
Sec61α-molecule is preferentially protected by a membrane bound ribosome, both, in the presence and
absence of nascent polypeptides. In addition we present evidence that the nascent polypeptide destabilizes
the ring-like translocation apparatus formed by four Sec61-complexes. Moreover, we found that after
solubilization of ER-membranes a single Sec61-complex is sufﬁcient to protect the nascent polypeptide chain
against added proteases. Finally, we could show that this single Sec61-complex allows the movement of the
nascent chain, when it has been released from the ribosome by puromycin treatment. Collectively, our data
suggest that the active protein-conducting channel in the ER is formed by a single Sec61-complex.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
In higher eukaryotes the translocation of most secretory proteins
into the lumen of the endoplasmic reticulum (ER) occurs cotranslation-
ally [1,2]. As soon as the signal sequence of a pre-protein is exposed to
the cytosol it is recognized by the signal recognitionparticle (SRP) [3–5].
The whole complex of ribosome, nascent chain and SRP is targeted to
translocation sites at the ER-membrane were the SRP-receptor binds
SRP. Subsequently, SRP is displaced in a GTP-dependent manner from
both the ribosomeand thenascent polypeptide. Than, after checking the
signal sequence the protein-conducting channel in the membrane
absorbs the nascent polypeptide and binds the translating ribosome
[6,7]. This tight binding is an important step during protein transloca-
tion since the translation itself provides the driving force for the actual
passage of the nascent chain through the membrane [8].
The central component of the protein-conducting channel in the
ER-membrane is the Sec61-complex. This membrane protein complex
consists of three polypeptides, Sec61α, Sec61β and Sec61γ [9]. Sec61α
is the largest subunit and spans the membrane ten times. Sec61β and
Sec61γ are single spanning membrane proteins and belong to theuminescence; ER, endoplasmic
ated with high salt (KCl); nt, N-
mycin and high salt (KCl); pPL,
ascent chain complex; s.e.m.,
icle; TCA, tricloroacetic acid
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l rights reserved.family of tail-anchored proteins. The Sec61-complex is essentially
involved in three major functions of the translocation site. First, it
forms a protein-conducting channel [9,10]. Second, it recognizes
functional signal sequence [7]. Third, the Sec61-complex functions as
the principal ribosome receptor [6,11,12].
A similar protein transport system is found in the plasma
membrane of prokaryotes [13]. In bacteria, most secretory proteins
are transported via the SecYEG complex, which is homologous to the
Sec61-complex. This translocation can occur in a post-translational
manner and depends often on the cytoplasmic ATPase SecA [14].
Nevertheless, also in bacteria cotranslational translocation of proteins
could be observed [15] and like in mammals, the SecYEG-complex is
able to bind ribosomes with high afﬁnity [11]. Also, archea contain
proteins with homology to subunits of the Sec61-complex [16]. Those
proteins form the SecYEβ-complex [17]. However, so far no functional
data on this protein complex are available.
Although the Sec61-complex has been intensively investigated the
functional structure of this protein complex remains obscure. In
detergent solution several copies of the puriﬁed Sec61-complex form
cylinders with a quasi-pentagonal appearance and a central pore or
depression [18]. Each oligomeric ring-like structure contains four
copies of the trimeric Sec61-complex [19]. Interestingly, after
reconstitution of the puriﬁed Sec61-complex into proteoliposomes
the oligomeric rings disappear and reorganize after incubation of the
proteoliposomes with 80S ribosomes [18]. Single particle cryo-
electron microscopy led to the conclusion that four to seven
connections between membrane-bound ribosomes and translocation
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regardless whether translating ribosomes or inactive 80S ribosomes
interact with a channel. Also, ribosome binding experiments with
partially proteolyzed microsomes have suggested that more than one
Sec61α are involved in the binding of ribosome to ER-membranes
[12]. The cryo-electron microscopic data suggested that the protein-
conducting channel of the ribosome aligns with the central pore or
depression of the translocation site and it has been proposed that the
nascent chain is transported through this central pore of the
oligomeric ring-like structure [19–22]. This point of view was
supported by the observation that also in bacteria translocation
complexes may form oligomeric ring-like structures. As demonstrated
by electron microscopy, puriﬁed SecYE-complexes of Bacillus subtilis
form ring structures in detergent solution and in intact lipid bilayers
[23] and the Escherichia coli SecYEG-complex assembles into a
tetramer to form the active protein translocation channel [24].
However, the interpretation of the recently solved crystal structure
of a homologouse translocation complex of the archeal plasma
membrane, the SecYEβ-complex, resulted in a conﬂicting hypothesis.
The crystals contained only monomeric SecYEβ-complexes with a
putative lateral opening, and detailed analysis of the structure
suggested that a single complex could form a protein-conducting
channel [17]. This hypothesis is supported by different biochemical
analyses of active translocation sites in E. coli. Based on cross-linking
and immunoprecipitation experiments it has been suggested that the
active form of the translocation channel is a monomeric SecYEG [25]
and that translocating nascent chains are in contact with the interior
of SecYEG complexes [26]. Moreover, it has been proposed recently by
cryo-electron microscopy and quantitative mass spectrometry that in
detergent solution a non-translating ribosome binds to a single
SecYEG complex [27]. On the other hand it seems that in the inner
membrane of E. coli most SecYEG-complexes exist as dimers [28].
Cryo-electron microscopy reconstruction of SecYEG, complexed with
the ribosome and a nascent chain containing a signal-anchor
sequence [29] revealed that two SecYEG-complexes face each other
with their lateral openings and thus together may form a protein-
conducting channel [30].
However, so far no comparable data are available concerning the
pore-forming structure of the eukaryotic translocation apparatus.
Here we report the biochemical analysis of mammalian translocation
channels. Although eukaryotic translocons consists of four trimeric
Sec61-complexes we ﬁnd that in a given translocation site of
mammalian ER-membranes one single Sec61α-molecule is preferen-
tially protease-protected by a membrane bound ribosome. This
applies, no matter whether a nascent polypeptide chain is present
in the translocation pore or not. Nevertheless, it seems that the
nascent chain destabilizes the oligomeric translocation site. After
solubilization of ER-membranes we can show that a non-translating
80S ribosome is associated with three to four copies of trimeric Sec61-
complexes whereas a translating ribosome binds only a single Sec61-
complex. Moreover, this single Sec61-modul is sufﬁcient to protect the
nascent polypeptide chain against added proteases. This protection is
lost when the nascent polypeptide is released from the ribosome by a
treatment with puromycin, indicating that the protein conducting
channel system formed by the ribosome-Sec61 complex is still
functional.
2. Material and methods
2.1. Protease protection assay
Proteolysis of ER-derived membranes was done in a buffer
containing 50 mM Hepes/KOH (pH 7.6), 200 mM sucrose, 100 mM
KCl, 5 mM MgCl2, 2 mM DTT, 0.3 equivalents/μl (eq/μl, for deﬁnition
see [31]) microsomes and the indicated concentrations of chymo-
trypsin. The samples were incubated on ice for 60 min and thereaction was stopped by addition of 10 volumes 20% trichloroacetic
acid (TCA). The precipitated material was washed with acetone and
resolved by SDS-PAGE and immunoblotting.
Samples containing in vitro translated preprolactin were mixed
with 1 volume 50 mM Hepes/KOH (pH 7.6), 250 mM sucrose, 140 mM
potassium acetate, 3 mMmagnesium acetate and 1 mg/ml proteinase
K. After incubation on ice for 30 min proteolysis was stopped by
addition of 10 volumes 20% TCA. The precipitated material was
washed with acetone and the samples were analyzed by SDS-PAGE
and an image analyzer (FLA-3000, Raytest, Germany).
2.2. Quantiﬁcation of ribosomes and Sec61α
The concentration of ribosomes was determined by measuring the
absorption at 260 nm in 1% SDS assuming that 61 A260-units
correspond to a ribosome concentration of 1 μM [32]. A standard of
puriﬁed dog pancreatic ribosomes was diluted under the same buffer
conditions as the samples and used as a calibration curve.
Sec61-complex was puriﬁed as described [9] and its concentration
was determined by quantitative amino acid analysis. Immunoblots
were done as described previously [33] and the Sec61-standard was
used to generate a calibration curve on each SDS-gel. As a detection
system ECL in combinationwith a CCD camera system (LAS-1000 plus,
Raytest, Germany), and AIDA-software (Raytest, Germany) or a [35S]
methionine-labeled secondary antibodies in combination with a
image analyzer (FLA-3000, Raytest, Germany) were used, respectively.
2.3. Solubilization of microsomes
Microsomes were solubilized at a ﬁnal concentration correspond-
ing to 1 eq/μl. After an incubation for 30 min on ice in a buffer
containing 1.6% digitonin, 50 mM Hepes/KOH (pH 7.6), 100 mM
sucrose, 10% glycerol, 2 mM DTT, 13 mM MgCl2, protease inhibitor
cocktail and KCl as indicated the samples were centrifuged at
14,000 rpm in micro test tubes for 1 min in order to remove unsolved
material. Detergent extracts were layered on top of a 300 μl sucrose
cushion containing the same buffer but 500 mM sucrose and 0.5%
digitonin and centrifuged at 75,000 rpm (rotor TLA 100.3, Beckman
Inc.) and 2 °C for 60 min. The material in the pellet fraction was
resuspended in 30 μl water and used for determination of ribosome
concentration or quantitative immunoblotting.
2.4. Binding of ribosomes at ribosome-stripped microsomes
Microsomes stripped off ribosomes by a treatment with puromycin
and KCl (PK-RM) were prepared as described [34]. PK-RM correspond-
ing to 500 eq were incubate with 1 nmol dog pancreatic ribosomes in a
ﬁnal volume of 500 μl in a buffer containing 150 mM KCl, 5 mMMgCl2,
50 mM Hepes/KOH (pH 7.6), 100 mM sucrose, 1 mM DTT, and protease
inhibitors for 30 min on ice. The microsomes were concentrated by a
centrifugation at 120,000 rpm in a TLA 120 rotor (Beckman Inc.) at 2 °C
for 15min and resuspended in 420 μl of the same buffer containing 2M
sucrose. The sample was layered under a 450 μl sucrose cushion
consisting of the same buffer but 1.8 M sucrose. This gradient was over
layered with 200 μl 50 mM Hepes/KOH (pH 7.6) and the sample was
centrifuged at 120,000 rpm in a TLA 120 rotor (Beckman Inc.) at 2 °C for
60min. The ﬂoatedmembranes were collected, dilutedwith 4 volumes
50 mM Hepes/KOH (pH 7.6) and 2 mMMgCl2, centrifuged into a pellet
fraction (rotor TLA 100.3, 2 °C,100,000 rpm) and ﬁnally resuspended in
180 μl 50mMHepes/KOH (pH7.6), 250mMsucrose, 2mMMgCl2,1mM
DTT and protease inhibitors.
2.5. Transcription, translation, and targeting
mRNAcoding for theN-terminal 86 amino acids ofwild-type bovine
preprolactin (pPL 86mer) was generated by in vitro transcription with
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plasmidwas cut with PvuII. TruncatedmRNAwas translated in awheat
germ system in the presence of [35S] methionine at 26 °C in a total
volume of 50 μl [7]. After 15 min, 4 mM edeine was added to prevent
further initiation and the sample was incubated for additional 2 min at
26 °C. Then, 2 mM cycloheximide, 40 nM SRP and dog pancreatic
microsomes (20 eq) were added followed by an incubation at 0 °C for
20 min and 26 °C for 5 min. 200 μl of 50 mM Hepes/KOH (pH 7.6),
500 mM KCl and 10 mMMgCl2 were added and the microsomes were
centrifuged into a pellet fraction using micro test tubes (75,000 rpm,
2 °C, 10 min, rotor TLA 100.3 (Beckman Inc.). Microsomes were
resuspended in a buffer containing 50 mM Hepes/KOH (pH 7.6),
500 mM KCl, 10 mMMgCl2, 2 M sucrose, 1 mM DTT and layered under
100 μl of a sucrose cushion with the same buffer conditions but 1.8 M
sucrose. On top 30 μl of 50 mM Hepes (pH 7.6) and 250 mM sucrose
were layered and the sample was centrifuged at 2 °C for 60 min
(100,000 rpm, rotor TLA100 (Beckman Inc.)). The ﬂoated microsomes
were collected (upper 120 μl), dilutedwith500 μl 50mMHepes (pH7.6)
and centrifuged into a pellet fraction (75,000 rpm, 2 °C, 20 min, rotor
TLA 100.3 (Beckman Inc.). Finally, the microsomes were resuspended
and solubilized in solubilization buffer (SB) containing 50 mM Hepes
(pH 7.6), 1.6% digitonin, 400 mM KCl, 13 mM MgCl2, 10% glycerol,
100 mM sucrose and 2 mM DTT.
In the experiment shown in Fig. 5 the pPL 86mer was synthesized
in a rabbit reticulocyte lysate system containing [35S] methionine and
dog pancreatic microsomes for 30 min at 25 °C. The samples were
diluted ten times in a high salt buffer (50 mMHepes (pH 7.6), 400 mM
KCl, 13 mM MgCl2, 4% glycerol, 100 mM sucrose and 2 mM DTT) and
centrifuged in micro test tubes at 75,000 rpm and 2 °C for 8 min (rotor
TLA 100.3 (Beckman Inc.)). The sedimented microsomes were
resuspended and solubilized in SB. As indicated the samples were
treated with 2 mM puromycin for 10 min on ice and 10 min at 25 °C.
Prior to the puromycin treatment the salt concentration was adjusted
to 150 mM.
After each step aliquots were taken and treated with 0.5 mg/ml
proteinase K for 30 min on ice. The samples were resolved by SDS-
PAGE and analyzed with an image analyzer (FLA-3000, Raytest,
Germany).
3. Results
3.1. A comparable amount of Sec61α is protease-protected in rough
microsomes as well as in salt-treated membranes
It has been shown previously that in native rough microsomes
(RM) each active translocation site seems to consist of one ribosome
and three to four Sec61-complexes [19,21]. Employing a qualitative
protease protection assay it has been demonstrated that a signiﬁcant
amount of these Sec61-complexes is shielded by membrane-bound
ribosomes against externally added proteases [6]. However, so far it is
not clear whether all of those Sec61-complexes that form a
translocation site interact with the ribosome in a similar manner
and are equally protected. In this study we use a similar protease
protection assay in combination with quantitative immunoblotting to
investigate the structure of the protein translocation site in the ER-
membrane.
In a ﬁrst step we set out to determine the relative amount of
Sec61α, which is protected in native rough microsomes (RM). For that
purpose RM were treated with different concentrations of chymo-
trypsin and analyzed by quantitative immunoblotting using anti-
bodies directed against the N-terminal part of Sec61α. To be sure that
the signals lie in a linear range a standard curve with dilutions of the
same microsomes was created on each gel (data not shown).
Increasing concentrations of chymotrypsin up to 100 μg/ml reduced
the amount of intact Sec61α, which is characterized by the presence of
the N-terminal epitop and an unchanged mobility on the SDS-gel.However, higher protease concentrations did not further decrease the
amount of undigested Sec61α (Fig. 1A, upper panel). This correlates
well with our own qualitative data [6] and indicates that the
remaining Sec61-molecules are totally protected by membrane-
bound ribosomes. In contrast, when membranes were analyzed that
had lost all their ribosomes by a treatment with puromycin and KCl
(PK-RM), all Sec61α is diminished even with moderate chymotrypsin
concentrations (Fig.1A, lower panel). A typical microsome preparation
contains at least two populations of ribosomes. One population is very
tightly bound at the membrane (high salt resistant) and is presump-
tively involved in protein translocation. The other one interacts only
weakly with the membrane or represents even a contamination of
cytosolic ribosomes. Therefore, in a next step we wished to analyze
whether those loosely bound ribosomes play a role in protecting
Sec61α against added chymotrypsin. Weakly bound ribosomes were
stripped off by a treatment of the microsomes with high salt and
subsequent ﬂotation through a sucrose gradient [35]. The resulting
high-salt (KCl) washed membranes (K-RM) were incubated with
different concentrations of chymotrypsin and analyzed by quantita-
tive immunoblotting as described for RM. In case of K-RM almost the
same amount of Sec61α is protected by membrane-bound ribosomes
as in RM (Fig. 1A, middle panel). To exclude that this behavior is a
special feature of a particular batch of dog pancreas microsomes we
repeated the protease protection assay employing different mem-
brane preparations. Moreover, we also used alternative detection
systems (see experimental procedures), which all gave identical
results. The summary of these experiments is shown in Fig. 1B. In
rough microsomes about 25% and in K-RM about 22% of Sec61α are
shielded by membrane-bound ribosomes. Very similar results could
be obtained when the immunoblots were carried out with antibodies
directed against the C-terminal region of Sec61α (Fig. 1C, D). Here the
protection of Sec61α is 21% for RM and 18% for K-RM.
Together these data indicate that in native ER-membranes only
those ribosomes, which are engaged in protein translocation, are
responsible for the observed protease protection of Sec61α. The
loosely bound ribosomes that are also present in a typical microsome
preparation do not play a signiﬁcant role in protecting Sec61α.
3.2. One membrane-bound ribosome shields a single Sec61α-molecule
against an externally added protease
Next, we wished to correlate the amount of protease-protected
Sec61α with the number of membrane-bound ribosomes engaged in
protein translocation. For that purpose we had to determine the
ribosome concentration in salt-washed microsomes and the absolute
amount of protected Sec61α. We used K-RM since in these
membranes only ribosomes are present, which are actively engaged
in protein translocation. The easiest way to determine the ribosome
concentration is to measure the absorption at 260 nm. It has been
shown that 61 A260 units correspond to a ribosome concentration of
1 μM [32]. To exclude that the mass of membrane proteins interfere
with the photometric determination of ribosome concentration we
carried out a couple of control experiments. First, RM were treated
with puromycin and high salt (KCl) and the membranes were ﬂoated
through a sucrose gradient. Under those conditions RM are separated
in a ribosome and a membrane (PK-RM) fraction. After dilution in 1%
SDS equal amounts (corresponding to 7 eq) of RM, PK-RM and
ribosomes were analyzed by photometric measurement at 260 nm
(Suppl. Fig. 1A). The isolated ribosomes show almost the same
absorption as the RM do. On the other hand PK-RM give a very low
signal at this wavelength (about 5% of the RM value). In a second
control experiment we added increasing amounts of PK-RM (up to
10 eq) to a constant ribosome concentration (7 eq) and measured the
absorption at 260 nm. As shown in Suppl. Fig. 1B only a slight increase
of the A260 value could be observed even with the highest PK-RM
concentration. Altogether, these data clearly show that the ribosome
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directly measuring the A260 value.
In order to determine the ribosome concentration in K-RM we
diluted the membranes in 1% SDS and determined the absorption at
260nm. It turnedout that the ribosomeconcentrationwas0.73pmol/μl.
As an additional control we repeated the measurement with isolated
ribosomes that were puriﬁed from the same K-RM batch. For that
purpose K-RM were solubilized with 1% Triton X-100 under high salt
conditions and the ribosomes were centrifuged through a sucrose
cushion. The resulting ribosome pellet was solved in 1% SDS and
photometrical analyzed as in case of intact K-RM. Both methods gave
almost identical results (Suppl. Table 1; data not shown).
In a second step we treated the K-RM with 30 and 100 μg/ml
chymotrypsin and determined the absolute amount of protease-
protected Sec61α. This was achieved by quantitativeWestern-blotting
employing a puriﬁed Sec61-standard of a known concentration in
order to provide a calibration curve (Fig. 2A; Suppl. Table 1). The
correlation between the ribosome concentration and the amount of
protease-protected N-terminal Sec61α resulted in a value of about 1.1
protected α-subunits per ribosome at 30 μg/ml chymotrypsin and 1.0
at 100 μg/ml chymotrypsin (Fig. 2B white bars; Suppl. Table 1). Very
similar values were obtained when an antibody against the C-
terminus of Sec61α was used (Fig. 2C, white bars; Suppl. Table 1).
Thus, together with the fact that Sec61α is the principle ribosome
receptor in the ER, our data suggest that out of four Sec61α-molecules,
which are present in a mammalian translocon, only one is protected
against the access of an externally added protease.Fig.1. In native ER-membranes only tightly bound ribosomes contribute to the protease prote
microsomes (RM treated with puromycin and KCl; PK-RM) were incubated with chymotr
immunoblotting using an antibody directed against a N-terminal (nt) peptide of Sec61α. E
Germany) were used as detection system. (B) A variety of immunoblots as shown in (A) wer
errors of the mean (s.e.m.) are presented. (C) RM, K-RM and PK-RM were treated and analyz
(ct) of Sec61α was used. (D) The immunoblots as shown in (C) were quantiﬁed and analyze
mean (s.e.m.).Next, we asked whether this also applies for the interaction
between translocation channels and ribosomes that do not carry
nascent polypeptides. It has been assumed that this interaction
mimics a very early translocation step. 80S ribosomes were bound to
PK-RM under physiological salt concentrations and the samples were
incubated with two different chymotrypsin concentrations. Subse-
quently, quantitative immunoblotting was carried out. Again a
signiﬁcant amount of Sec61αwas protease protected when ribosomes
were added (Fig. 2A, lanes 19–21) but not when ribosomes were
omitted (Fig. 2A, lanes 13–15). In order to correlate the number of
membrane-bound ribosomes with the amount of protease-protected
Sec61α-molecules the unbound ribosomes had to be removed. This
could be achieved by ﬂotation of the samples through a sucrose
gradient prior to the proteolysis (Fig. 2A, lanes 16–18). The
quantiﬁcation of membrane-bound ribosomes and quantitative
immunoblots with antibodies against the N-terminus of Sec61α
revealed that at a chymotrypsin concentration of 100 μg/ml about
1.1 pmol Sec61α are protected by one bound 80S ribosome (Fig. 2B,
gray bars, Suppl. Table 1). Employing an antibody directed against the
C-terminus of Sec61α we obtained a somewhat lower value of about
0.8 at 100 μg/ml chymotrypsin (Fig. 2C, gray bars, Suppl. Table 1). In
order to exclude that in the samples with added 80S ribosomes the
higher protein concentration simply titrates out the protease an
additional control experiment was done. PK-RM (10 eq) were
incubated with increasing amounts of non-translating 80S ribosomes
and treated with 100 μg/ml chymotrypsin. The amount of protease
protected Sec61α was determined by quantitative immunoblottingction of Sec61α. (A) Roughmicrosomes (RM), KCl washed RM (K-RM) and ribosome-free
ypsin (chymo.) as indicated for 1 h on ice. Samples were analyzed by SDS-PAGE and
nhanced chemiluminescence (ECL) and a CCD camera system (LAS 1000plus, Raytest,
e quantiﬁed and analyzed by GraphPad Prism 4 software. Average values and standard
ed exactly as in (A) with the exception that an antibody directed against the C-terminus
d by GraphPad Prism 4 software. Shown are average values and standard errors of the
Fig. 2. Onemembrane-bound ribosome shields a single Sec61α against proteolysis. (A) 80S ribosomeswere bound at ribosome-free ER-membranes (PK-RM). Subsequently (“-ﬂotation”)
or after ﬂotation of the bound material through a sucrose gradient (“+ﬂotation”) the samples were treated with chymotrypsin as indicated. In parallel rough microsomes (RM), KCl
washed microsomes (K-RM) and ribosome-free microsomes (PK-RM) were treated in the same way. The samples were analyzed by SDS-PAGE and immunoblotting using antibodies
directed against the N-terminal (nt) or C-terminal (ct) part of Sec61α. (B, C) The ratio between ribosomes and Sec61α is shown. The amount of ribosomeswas determined bymeasuring
the absorption at 260 nm. For quantiﬁcation of the immunoblots of (A) a CCD camera systemwas used.
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saturation level and does not exceed 25% even at very high ribosome
concentrations. Thus, our results indicate that ribosomes without
nascent polypeptide chains also interact preferentially with only one
out of four Sec61-complexes in a given translocation site.
3.3. A membrane-inserted nascent polypeptide chain inﬂuences the
stability of the ring-like translocation apparatus of the ER-membrane
It has been proposed previously that the insertion of a nascent
polypeptide chain into the protein-conducting channel not only simply
opens the channel but also leads to structural alterations in the entire
translocon [36]. Since nascent polypeptides had no inﬂuence on the
protease accessibility of Sec61α, we asked whether they possibly
change the biochemical stability of the protein-conducting channel or
the interaction between membrane-bound ribosomes and transloca-
tion channels, respectively. To answer that question we bound 80S
ribosomes at PK-RM and compared thosemembraneswith K-RM. After
solubilization of the membranes under different high salt conditions,
we centrifuged the ribosomes through a sucrose cushion and
determined their concentration in the pellets by measuring the
absorption at 260 nm. The amount of Sec61α in the pellet fractions
was analyzed by quantitative immunoblotting using antibodies
directed against the N-terminus or C-terminus, respectively (Fig. 3A,
B). As a control PK-RMwere treated andanalyzed in the sameway in the
absence of ribosomes (Fig. 3A, lanes 9–11) and the obtainedbackground
values were subtracted from the values for PK-RM with rebound
ribosomes and K-RM. In agreement with electron microscopic data wefound that after solubilization of PK-RM, which carry bound 80S
ribosomes, three to four Sec61α-molecules remain associated per one
ribosome ([20,22] and Fig. 3C, white columns). It should be mentioned
that the high salt resistant interaction between non-translating 80S
ribosomes and Sec61-complexes can be only observed after solubiliza-
tion ofmicrosomes [20,22,33] and thus is not indirect conﬂict to the salt
sensitive binding of 80S ribosomes to PK-RM [6,37]. Surprisingly,
employing K-RM in the same assay only a single Sec61α could be
detected per one ribosome (Fig. 3C, black columns). This suggests that
nascent polypeptide chains, which have been inserted into the
translocation channel, change the stability of the oligomeric ring-like
structures.
3.4. A single heterotrimeric Sec61-complex protects the nascent
polypeptide
Low molecular weight nascent chains of secretory proteins are
remarkably resistant to protease digestion even after detergent
solubilization of microsomes [38]. Furthermore, also for longer
nascent secretory polypeptides it has been demonstrated that after
membrane solubilization about 70 amino acids are protected against
the access of added proteases. Since about 40 amino acids are shielded
directly by the ribosome it was argued that the remaining 30 residues
of the nascent chain are protected by the ribosome-associated
translocon [39].
Here we set out to determine how many Sec61-complexes in a
given translocation site are responsible for that observed protection.
Ribosome-nascent chain complexes (RNCs) were produced in a wheat
2380 K.-U. Kalies et al. / Biochimica et Biophysica Acta 1783 (2008) 2375–2383germ system by in vitro translation of truncated mRNA coding for the
ﬁrst 86 amino acids of preprolactin (pPL 86mer) (Fig. 4, lane 1).
Because the mRNA lacks a stop-codon the pPL 86mer remains
associated with the ribosome. After addition of proteinase K to the
sample, the 86mer became partially degraded and only a peptide of
about 40 residues inside the ribosome tunnel was protease protected
(Fig. 4, lane 5).Whenmicrosomeswere added, the RNCswere targeted
to the Sec61-complex and the nascent chain was inserted into the
translocation channel. Now, the treatment with proteinase K shows
that about 50% of the 86mers were fully protected against proteolysis
(Fig. 4, lanes 2 and 6). The other half of the 86mers was targeted not
correctly and was degraded to peptides of about 40 amino acids. In a
next step, the targeted material was ﬂoated through a high salt
sucrose gradient. This treatment should remove all loosely bound
ribosomes but leaves the RNCs with the membrane inserted 86mer at
the translocation sites. After proteolysis with proteinase K about 85%
of the 86mers were protected (Fig. 4, lanes 3 and 7). This indicates that
almost all of the high salt resistant 86mers were correctly inserted
into the Sec61-channel. Finally, the ﬂoated membranes were
solubilized with 1.6% digitonin and high salt (400 mM KCl). Under
these conditions only one Sec61-complex is associated with an
individual RNC (Fig. 3). The treatment with proteinase K revealed
that about 90% of the 86mers remained protease protected (Fig. 4,Fig. 3. The presence of a nascent polypeptide chain inﬂuences the stability of the transloc
membranes (PK-RM). The membranes were ﬂoated through a sucrose gradient to remove t
digitonin at the indicated salt concentrations. After solubilization the ribosomes were centr
analyzed by SDS-PAGE and immunoblotting employing an antibody mixture directed against
a standard. As a control PK-RM were treated in the same way. (B) Native ER-membranes from
high salt (K-RM) were analyzed as in (A). (C) Aliquots of the pellet fractions shown in (A) and
260 nm. The amounts of Sec61α per ribosome in the pellets are presented as average valuelanes 4 and 8). This indicates that a single Sec61-complex, possibly
together with other membrane proteins, is sufﬁcient to protect the
growing polypeptide chain. Moreover, this experiment shows that the
population of translocons in the endoplasmic reticulum that carry an
inserted 86mer is essentially homogeneous and not a mixture of
stable translocons, which bind ribosomesmore tightly, and others that
disintegrate in the employed biochemical assays completely and loose
all connections between the four Sec61-complexes and the ribosome.
3.5. A single Sec61-complex functions as a protein-conducting channel
The observed protease protection of the pPL 86mer after
solubilization of the microsomes suggests that the remaining RNC-
bound Sec61-complex could function as a protein-conducting chan-
nel. Therefore, we asked, whether the release of the 86mer from the
peptidyl transferase center leads to the translocation of the polypep-
tide through the ribosome channel and the Sec61-complex into the
solution. We synthesized the pPL 86mer in a rabbit reticulocyte lysate
system containing [35S] methionine and dog pancreatic microsomes.
The membrane-bound RNCs were separated from the unbound
material by sedimentation of the microsomes under high salt
conditions. In a separate experiment we proofed that the centrifuga-
tion conditions are sufﬁcient to avoid a contamination of unboundation site of the ER-membrane. (A) 80S ribosomes were bound to ribosome-free ER-
he unbound ribosomes. These microsomes (PK-RM+ ribosomes) were solubilized with
ifuged through a sucrose cushion. The pellet fractions were resuspended in water and
the N-terminus (nt) and C-terminus (ct) of Sec61α. Puriﬁed Sec61-complex was used as
which all inactive or loosely bound ribosomes had been released by a treatment with
(B) were used to determine the ribosome concentrations bymeasuring the absorption at
s and standard errors of the mean (s.e.m.; n=3).
Fig. 5. A single Sec61-complex functions as a protein-conducting channel. Nascent
preprolactin polypeptide chains (pPL 86mer) were synthesized in a rabbit reticulocyte
lysate system containing [35S] methionine and dog pancreatic microsomes. In order to
remove most of the unbound ribosomes the microsomes were sedimented under high
salt conditions. The sedimented material was resuspended and solubilized under
conditions were only a single Sec61-complex remains associated with a bound
translocating ribosome (1.6% digitonin and 400 mM salt). Finally, the samples were
treated with puromycin to release the 86mers from the ribosomes. Prior to the
puromycin treatment the salt concentration was adjusted to 150 mM in order to
prevent any salt dependent dissociation of ribosome-channel complexes. After each
step aliquots were taken and treated with proteinase K to analyze the accessibility of
the 86mer. The samples were resolved by SDS-PAGE and analyzed with an image
analyzer (FLA-3000, Raytest, Germany).
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material was resuspended and solubilized under the same conditions
as in the experiment shown in Fig. 4. The samples were then treated
with puromycin to release most of the 86mers from the peptidyl
transferase center of the ribosomes. Prior to the puromycin treatment
the salt concentration was adjusted to 150 mM in order to get the
highest efﬁciency of the puromycin reaction and to prevent any salt
dependent dissociation of ribosome-channel complexes [33]. Without
puromycin treatment almost all 86mers are protected against
proteinase K treatment (Fig. 5, lanes 2 and 6). In contrast, after
puromycin treatment about 80% of the nascent chains became
accessible to proteinase K, indicating that they were released into
the solution (Fig. 5, lanes 4 and 8). The amount of liberated nascent
chainswas similar to that observed after puromycin treatment of RNCs
bound to microsomes (Fig. 5, lane 3). Thus, these data indicate that the
solubilized Sec61-complex bound to RNCs is able to conduct nascent
polypeptides.
4. Discussion
We have found that in rough ER-membranes (RM) 20–25% of all
Sec61α-molecules are completely protected against chymotrypsin,
which is added to the microsomes in vitro. Almost the same amount is
protected in K-RM, where all loosely associated ribosomes were
released from the membranes by a high salt treatment prior to the
proteolysis. This shows that weakly bound ribosomes, which are
present in a typical RM preparation, do not contribute to the observed
protease protection of Sec61α. So far, the role of those loosely bound
ribosomes is unknown. Interestingly, also 80S ribosomes without a
nascent polypeptide chain, which were rebound to ribosome-free
microsomes (PK-RM), could generate protease protection of Sec61α
similar to that observed in RM and K-RM. Whether the protease
protection is due to a ribosome-induced conformational change in a
Sec61α-subpopulation or because Sec61α-molecules are directly
shielded by membrane-bound ribosomes against the externally
added protease cannot be distinguished. Together with the fact that
in PK-RM Sec61α can be totally degraded by proteases our data clearly
show two things: Firstly, the protease protection depends on
ribosomes, and secondly, the presence of the nascent polypeptide is
not essential for the protection.Fig. 4. A single Sec61-complex protects the nascent chain after solubilization of
microsomes. Nascent preprolactin polypeptide chains (pPL 86mer) were synthesized in
a wheat germ system containing [35S] methionine. Subsequently, mammalian SRP and
dog pancreatic microsomes were added. In order to remove all unbound ribosomes the
microsomes were ﬂoated through a discontinuous sucrose gradient under high salt
conditions. The ﬂoated material was collected and solubilized under conditions were
only a single Sec61-complex remains associated with a bound translocating ribosome
(1.6% digitonin and 400 mM salt). After each step aliquots were taken and treated with
proteinase K to analyze the accessibility of the 86mer. The asterisk shows the
preprolactin peptide of about 40 residues inside the ribosome that is protease protected
even without microsomes. The samples were resolved by SDS-PAGE and analyzed with
an image analyzer (FLA-3000, Raytest, Germany). The protease protection of
preprolactin is given as the relation between the counts of the 86mer in the treated
and corresponding untreated sample.Since it has been shown previously that a mammalian translocon
contains four Sec61α copies [18,19], the 20–25% protease resistant
Sec61α could imply that one out of four Sec61α has closer contact to
the ribosome and therefore is protease protected. This hypothesis was
proved directly. For this purpose the absolute amounts of membrane-
bound ribosomes as well as of Sec61α were determined quantita-
tively. In fact, it turned out that on the average 1 mol Sec61α is
protected by 1 mol ribosomes. This suggests that a given membrane-
bound ribosome protects only a single Sec61α in a given translocon.
Furthermore, this implies that Sec61-complexes in a translocon differ
with respect to their ribosome association. However, for these
conclusions one has to assume that all ribosome binding sites
(Sec61-complexes) in the membrane are identical (or that at least
one Sec61-population dominates clearly). It has been suggested that
there may exist two different populations of translocons in rough
microsomes, which differ in their afﬁnity for 80S ribosomes [40] and
that the high afﬁnity binding sites contain about 70–80% of all Sec61α
present in the microsomes. Interestingly, we found only a slight
difference in the amount of protected Sec61α in PK-RM incubated
with 0.2 or 1.0 μM ribosomes (Suppl. Fig. 2B). Therefore, we conclude
that the absolute majority of the protected population of Sec61α is
part of the high-afﬁnity translocons and the low-afﬁnity binding sites
play only a minor if any role in protecting Sec61α. We cannot decide
whether or not the observed insigniﬁcant increase of protease
protection at higher ribosome concentrations (Suppl. Fig. 2B) reﬂects
the transformation of the low-afﬁnity translocons in a ribosome-
occupied form as described [40]. However, it is tempting to speculate
that this form than could have a conformation similar to the high-
afﬁnity translocons with one ribosome out of four being protected. In
case of K-RM it is most likely that due to the preparation procedure
(high salt treatment) only high-afﬁnity binding sites are occupied, and
that these sites are uniform.
In our experiments the presence of nascent polypeptide chains had
no inﬂuence on the protease sensitivity of Sec61α. This observation
correlates well with data obtained by cryo-electronmicroscopy, which
did not give any evidence that the presence of nascent polypeptides
has an inﬂuence on number, size and position of the connection sites
[19,21]. However, we found a clear indication that the insertion of a
nascent chain into the protein-conducting channel alters the stability
of the oligomeric ring-like structure. This alteration leads to a higher
digitonin sensitivity of the translocon, which in our experiments
resulted in a loss of three out of the four Sec61-complexes after
solubilization of microsomes. Our favored interpretation is that the
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The tetrameric assembly of Sec61-complexes seems to be very labile
and it might be possible that also the solubilization conditions
inﬂuence the oligomerization state of the Sec61-translocon. In a
recently published paper it has been shown that only a single trimeric
Sec61-complex interacts with a nontranslating ribosome. The ribo-
some-Sec61 stoichiometry has been determined by quantitative mass
spectrometry using DeoxybigChap as detergent [41]. However, as the
lack of visible alterations in the connection sides between ribosomes
and translocons in the presence or absence of nascent chains does not
necessarily exclude an alteration in binding strength, it may also be
that the observed effect is at least inpart due to aweakened interaction
between some of the Sec61-complexes and the ribosome. Interes-
tingly, we found that the single trimeric Sec61-complex, which
remains bound to a translating ribosome after detergent treatment
of microsomes, is sufﬁcient to protect the entire 86mer of preprolactin
against added proteases. Moreover, we could show that nascent chains
located in such solubilized RNC-Sec61 complexes can be released by
puromycin into the solution. As it is known that the association
between Sec61 and RNCs is not altered under the conditions used for
the puromycin reaction, the nascent chain must have slipped through
the protecting environment provided by the Sec61-complex. It is thus
tempting to speculate that this single trimeric Sec61-complex forms
the protein-conducting channel.
Our biochemical data concerning the structure of an active
translocon ﬁt nicely with the model based on cryo-electron micro-
scopic data presented by Menetret et al. [19]. They proposed that the
four Sec61-complexes of a transloconmake different connections with
the ribosome. Based on this model the observed loss of three out of
four trimeric units after detergent treatment can be explained by a
speciﬁc loss of those trimeric complexes of the ring-like structure,
which have no or only weak contacts with the ribosome. Furthermore,
it is suggestive that the Sec61-complex, which in our experiments
remains bound to the ribosome and provides the protease protection
of the nascent chain, is identical to the one that is localized close to the
exit site of the ribosome. This hypothesis is especially supported by
the observation that this Sec61-complex is also one of those two,
which have a high number of connection sites to the ribosome [19].
Our observations are also in good agreementwith results that were
obtained from the bacterial system. Employing a site-speciﬁc cross-
linking approach evidence was provided that the nascent chain is in
close proximity with the interior of the SecYEG-complex [26].
Although SecYEG complexes are able to form rings-like structures
under certain conditions [23,24,28] other data from E. coli suggest that
most of the translocation sites contain dimers of SecYEG that do not
form rings [25,30]. The function of the tetramer may therefore be
linked to the ribosome-dependent cotranslational mode of transloca-
tion prevalent in the eukaryotic system and it will be interesting to
investigate whether the central pore or depression in the ring-shaped
eukaryotic translocon has a speciﬁc function during cotranslational
translocation.
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